Studies on the activation and action of porcine pepsin / by Sanny, Charles G.,
INFORMATION TO USERS
This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of die original 
submitted.
The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction.
1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.
2. When an image on the film is obliterated with a large round black mark, it  
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a  
good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to  
right in equal sections with a small overlap. If necessary, sectioning is 
continued again -  beginning below the first row and continuing on until 
complete.
4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding o f the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.
5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.
Xerox University Microfilms
300 North Zeeb Road
Ann Arbor. Michigan 48106
75-15,273
SANNY, Charles Gordon, 1947- 
STUDIES ON THE ACTIVATION AND ACTION OF 
PORCINE PEPSIN.
The University of Oklahoma, Ph.D., 1975 
Chemistry, biological
Xerox University Microfilms, Ann Arbor. Michigan 48io6
THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED.
THE UNIVERSITY OF OKLAHOMA 
GRADUATE COLLEGE
STUDIES ON THE ACTIVATION AND 
ACTION OF PORCINE PEPSIN
A DISSERTATION 
SUBMITTED TO THE GRADUATE FACULTY 
in partial fulfillm ent of the requirements for the
degree of 
DOCTOR OF PHILOSOPHY
BY
CHARLES G. SANNY 
Oklahoma City, Oklahoma 
1975
STUDIES ON THE ACTIVATION AND 
ACTION OF PORCINE PEPSIN
APPROVED BY
DISSERTATION COMMITTEE
ACKNOWLEDGMENTS
I wish to express my sincere appreciation to Dr. Jean A. 
Hartsuck, Department of Biochemistry and Molecular Biology, for her 
advice, guidance, and friendship.
I am indebted to Dr. Jordon J. N. Tang, Head of Laboratory 
of Protein Studies, Oklahoma Medical Research Foundation, for 
discussion and suggestions.
I wish to thank the members of my dissertation committee.
Dr. Jean A. Hartsuck, Dr. Jordon J. N. Tang, Dr. Albert M. Chandler,
Dr. Leon Unger, and Dr. Richard Van der Helm for their advice in the
preparation of this dissertation.
1 am also indebted to Dr. Chadwick A. Cox for his advice.
I also wish to thank Dr. Ronald Coleman for atomic absorbtion 
analysis. Kenneth Jackson for N-terminal sequence analysis, and Paul 
Lanier for amino-acid analysis.
I wish to express my gratitude to the Oklahoma Medical
Research Foundation for the provision of fa c ilit ie s , equipment, and
material and for financial support while a predoctoral fellow.
I also wish to express my gratitude to my wife, my family,
and my friends for their continued support during the preparation of
this dissertation.
i i i
TABLE OF CONTENTS
Page
LIST OF TABLES..........................................................................................  v
LIST OF ILLUSTRATIONS.............................................................................  vi
Chapter
I. INTRODUCTION..............................................................................  1
I I .  CONVERSION OF PEPSINOGEN TO PEPSIN...................................... 25
I I I .  PEPSIN ACTIVITY: IONIZATION BEHAVIOR OF CARBOXYL
GROUPS MODIFIED BY DIAZO ACETYL-DL-NORLEUCINE 
METHYL ESTER.............................................................................  48
IV. SUMMARY........................................................................................ 78
BIBLIOGRAPHY..............................................................................................  80
APPENDIX.....................................................................................................  90
T V
LIST OF TABLES
Table Page
1. Amino Acid Sequence of the Ami no-terminus of Pepsinogen
Overlapping the Ami no-terminus of Pepsin................................ 3
2. Optimum pH of Peptic Hydrolysis of some Native and
Denatured Natural Substrates......................................................  8
3. Diazo Inactivators of Pepsin........................................................ 10
4. Estimated pK's of Functional Groups in Pepsin Calculated
from Synthetic Substrate Hydrolysis.........................................  13
5. Percentages of Activation Products............................................  34
6. Ratios of the Absorbance Changes at 287 nm of
Pepsinogen Incubated at pH 8.5 for Various
Times after Activation at pH 2.85.............................................  42
7. Titration Conditions....................................................................... 62
8. Titration Constants Determined for Theoretical
Difference Titration Curve..........................................................  67
9. Dissociation Constants of Groups at the Active Site of
Pepsin Calculated from Titration Constants............................  69
LIST OF ILLUSTRATIONS 
Figure Page
1. Proposed Pepsin Mechanism (Clement, et ^  ) .............................  15
2. Proposed Pepsin Mechanism (Knowles)..........................................  18
3. Proposed Pepsin Mechanism (Wang)................................................ 20
4. Proposed Pepsin Mechanism (Hartsuck and Tang)........................  22
5. NHz-Terminal Two Residues of Pepsinogen Activation
Products a fte r Peptides have been Removed..............................  31
6. Difference Spectra of Pepsinogen Solutions.............................  36
7. Absorbance Changes at 287 nm of 20 yM Pepsinogen
Incubated at pH 8.5 a fte r Activation at pH 2.85..................  39
8. P lot of Versus Activation time, t ...................  44
\  ^^max j
9. Difference T itra tio n .......................................................................  63
10. F it  o f Equation 21 to Difference T itra tio n ..............................  65
11. Proposed Mechanism of Pepsin Action........................................... 75
VI
STUDIES ON THE ACTIVATION AND 
ACTION OF PORCINE PEPSIN
CHAPTER I 
INTRODUCTION
The activation of pepsin from pepsinogen and the subsequent 
action of pepsin in proteolysis have been subjects of study as early as 
1882 (1). Methods for preparing crystalline pepsinogen and pepsin 
inaugurated the modern era of pepsinogen and pepsin investigation (2,3). 
The following studies confirm and contribute to the current understand­
ing of pepsin activation (Chapter I I ) ,  and the mechanism of pepsin 
activity (Chapter I I I ) .
Pepsinogen Activation 
Herriot, reporting of the properties of swine pepsinogen, 
observed that pepsinogen was converted to pepsin in solutions more 
acidic than pH 6.0 (3). Between pH 4.5 and 5.0 the conversion was 
found to be autocatalytic in which the product of the reaction, pepsin, 
catalyzed the conversion. Below pH 4.0, the reaction no longer f i t  
simple autocatalytic kinetics. The pH-activation rate profile for the 
conversion of pepsinogen to pepsin closely resembled the pepsin pH- 
activity rate profile with a pH optimum at 2.0. This resemblance
1
2supported the autocatalytic activa tion mechanism (4).
The deviation from simple autocatalytic activa tion  kinetics 
at pH less than 4.0 was accounted fo r  by the presence o f a reversibly 
dissociable intermediate compound consisting of pepsin and an in h ib ito r 
peptide (4).
(Pepsin)
Pepsinogen ----------- >■ Pepsin-Inhibitor
Complex
< pH 5.4
 >■ Pepsin + In h ib ito r  >■ Pepsin + X
> pH 5.4
The association of the pepsin and in h ib ito r was pH dependent with l i t t l e  
dissociation at pH 6.0 and v ir tu a l ly  complete dissociation below pH 5.0 
(4). The rate lim itin g  step, at low pH, in the conversion o f pepsinogen 
to pepsin was suggested to be the dissociation of the inhibitor-pepsin 
complex. This proposal has been supported by Wang and Edelman using 
fluorescent probes to study the pepsinogen to pepsin conversion (5). 
Bohak has reported t ig h t binding between chicken pepsin and the a c ti­
vation peptide produced in the conversion of chicken pepsinogen to 
pepsin (6,7).
The in h ib ito r peptide has been isolated and found to be a 
basic, single chain, polypeptide containing 29 amino acids from the 
amino-terminal portion of the pepsinogen molecule (8-10). The 
in h ib ito r peptide plus other low molecular weight products o f pepsinogen 
conversion to pepsin come from the f i r s t  44 amino acids of the amino- 
terminus of pepsinogen (11-13). The amino acid sequence o f the ami no­
terminus of pepsinogen overlapping the amino-terminus of pepsin is 
shown in Table 1. The presence of basic amino acid residues (9 lysines.
TABLE 1
AMINO ACID SEQUENCEa OF THE AMINO-TERMINUS 
OF PEPSINOGEN OVERLAPPING THE AMINO-TERMINUS OF PEPSIN
1 5 10 15
Leu -  Val -  Lys -  Val -  Pro -  Leu -  Val -  Arg -  Lys -  Lys - Ser - Leu -  Arg -  Gin - Asn - Leu
20 25 30
He -  Lys -  Asp -  Gly -  Lys -  Leu -  Lys -  Asp -  Phe - Leu - Lys - Thr -  His - Lys - His - Asn
35 40 45
Pro -  Ala -  Ser -  Lys -  Tyr -  Phe -  Pro -  Glu - Ala -  Ala -  Ala -  Leu - He - Gly -  Asp -
a. Sequence 1 -  39, Ong, E.B. and Perlmann, G.E. (11); sequence 40-47, Pedersen, V.B. and 
Foltmann, 8. (12).
b. 4, bond normally hydrolysed during acid activation of pepsinogen to pepsin; * ,  bond of 
minor hydrolysis during activation (72).
W
2 histidines, and 2 arginines) contribute to the stabilization of the 
pepsinogen molecule which is stable between pH 7 and 8, and reversibly 
denatured above pH 8 (3). Pepsin, on the other hand, is irreversibly 
denatured above pH 6.0 and denatured at elevated temperatures (3,14). 
Addition of the activation peptide to pepsin results in a partial 
stabilization of the pepsin molecule (7,15).
The conversion of pepsinogen to pepsin at acid pH occurs by 
hydrolysis of the peptide bond between leucine 44 and isoleucine 45 in 
the pepsinogen molecule (12,13). The mechanism of conversion has not 
been fu lly  understood.
An acid labile sugar covalently bound to the pepsinogen but 
not to pepsin was thought to be cleaved by acid prior to activation 
(16). Later, the carbohydrate content found in a different preparation 
was negligible, therefore the cleavage of the carbohydrate moiety does
not trigger the activation of pepsinogen (17).
Immunochemical studies of the conversion of pepsinogen to 
pepsin showed pepsinogen and pepsin to have common antigenic deter­
minant groups. These studies suggested that there was "no major
conformational alteration" in the conversion process (18), However,
optical rotatory properties (15), fluorescent probe studies (5,7,14), 
and ultraviolet absorbance determinations (19,20), a ll suggested 
marked differences between the pepsinogen and pepsin molecules. These 
observations appeared to be related to the cleavage and dissociation 
of the activation peptide. Denatured pepsinogen could not be convert­
ed to pepsin, suggesting a requirement for secondary and tertiary  
integrity of the molecule (21).
The quality of the pepsin product formed from pepsinogen 
is determined by the mechanism of conversion. Rajagopalan, Moore and 
Stein found commercially available pepsin heterogeneous by several 
criteria , whereas fresh pepsin, prepared from pepsinogen activated 
at pH 2.0, yielded a homogeneous pepsin (22). They suggested that 
during the preparation of commercial pepsin some autolysis had occured. 
They also noted, in the conversion of pepsinogen to oepsin that i f  
the activation process was carried out between pH 3.0 and 3.9, a 
heterogeneous pepsin product resulted.
Several mechanisms for the conversion of pepsinogen to pepsin 
have been proposed. The f irs t  mechanism is a bimole:ular, autocatalytic 
(pepsin catalyzed) conversion (as already briefly mentioned above).
kz
pepsin + pepsinogen------------- + pepsin + pepsin + peptides
Acid pH
The rate of this mechanism is dependent on the pH and on the concentra­
tion of both pepsin and pepsinogen (23). This is the mechanism pro­
posed by Harriot (3).
A second mechanism is a unimolecular conversion of pepsino­
gen to pepsin. In this mechanism, a pepsinogen molecule cleaves its  
own ami no-terminal peptide and forms a pepsin molecule.
ki
pepsinogen--------------► pepsin + activation peptide
Acid pH
The rate of this mechanism is dependent only on the pepsinogen concen­
tration and on the pH (23). Bustin and Conway-Jacobs were able to 
immobilize pepsinogen on Sepharose (resulting in decreased bimolecular 
interactions) and form active pepsin by exposure to acid (24). Their
experiments suggested pepsinogen was capable of unimolecular activa­
tion. The conversion of pepsinogen to pepsin in the presence of excess 
pepsin substrates (24-26) or competitive inhibitors (25) also suggested 
a unimolecular activation mechanism.
The third mechanism is a bimolecular, zymogen catalyzed con­
version of pepsinogen to pepsin.
pepsinogen + pepsinogen-------------- »■ pepsinogen + pepsin + peptides
This mechanism is postulated on exposure of the active site prior to 
activation by a conformational change in the pepsinogen molecule (11, 
19,26,27).
Kinetic studies, based on the determination of the amount of 
pepsinogen remaining after various times of activation, showed the 
rate of disappearance of pepsinogen could be described by a rate 
equation combining unimolecular and bimolecular rate constants (23).
The disappearance of pepsinogen was predominately first-order below 
pH 3, and predominately second-order in the pH range 3 to 4.5. The 
kinetic experiments could be interpreted satisfactorily using the f irs t  
two activation mechanisms described above and did not require assuming 
the zymogen possessed bimolecular proteolytic activity.
Simulation of the activation process by analog computer has 
suggested the activation mechanism of pepsinogen to be very complex (20),
Kassel1 and Kay (27), reviewing the work of others (5,19, 
21,23,24,26,28-30), suggested the activation of pepsinogen to pepsin 
might be better interpreted by assuming that pepsinogen is capable of 
bimolecular proteolysis. In particular, they cited the experiments 
of McPhie (19). He observed that the difference spectrum changes.
generated when a pepsinogen solution was adjusted to pH 2.85, could 
be reversed i f  the solution was returned to neutrality in less than 2 
minutes. This observation was interpreted by Kassell and Kay (27) to 
imply that in an acidic solution the pepsinogen molecule undergoes a 
conformational change and then possesses proteolytic activity. How­
ever, they believe that i f  the solution is neutralized in less than 2 
minutes the pepsinogen conformational change is reversed. Consequent­
ly , they suggested that virtually  no pepsinogen activation takes place 
within 2 minutes at pH 2.85 in a 20 yM pepsinogen solution. This is 
in contrast to the implications of the kinetic study of pepsinogen 
activation (23). Calculations from the kinetic constants determined 
in the study by Al-Janabi, et ^  (23) show that more than one-half of 
the pepsinogen would be activated by the f irs t  order reaction in 2 
minutes at these conditions. I therefore undertook to find out i f  
activation, in the sense of chemical conversion of pepsinogen to 
pepsin, occurs under these experimental conditions and, i f  so, how 
McPhie's results might be interpreted to give a consistent understand­
ing of this system. Chapter I I  provides chemical and spectral evidence 
that the conversion of pepsinogen to pepsin takes place at the kinetic 
rate which was determined previously by Al-Janabi, et ^  (23).
Mechanism of Pepsin Activity 
Once pepsin is formed, i t  is capable of proteolysis of a 
large number of natural and synthetic substrates. The pH optimum of 
peptic hydrolysis of some native and denatured natural substrates is 
given in Table 2. The activity of pepsin toward natural substrates
TABLE 2
OPTIMUM pH OF PEPTIC HYDROLYSIS OF SOME NATIVE 
AND DENATURED NATURAL SUBSTRATES
Substrate pH Optimum ref.
Native Denatured
Egg albumin 1.0 1.5 - 1.8 31
B-Lactoglobulin -  - 3 2.0 - 3.0 31
Casein wide range^ -  - 31
Bovine Hemoglobin -- ^2 31
Bovine Hemoglobin 2.0 2.0C 32
II 2-3.5^ 32
II 3.5^:9 32
Bovine Serum Albumin 2.0 2 . 7C 32
II II 2.0® 32
II 11 3.59 32
II II 3 .8d 'f 32
Bovin Serum Albumin 2.0 2.2; 4.0^ 33
a. very slow hydrolysis o f native substrate
b. constant over en tire  pH range
c. HCl denatured
d. urea denatured
e. NaOH denatured
f .  HCl-Urea denatured
g. NaOH-Urea denatured
h. bimodal: NaCl, 1=0.50
appears to be related to the secondary and te r t ia ry  structure of the 
substrate (31-33) and to the nature of the side-chains of the amino 
acids forming the peptide bond to be hydrolyzed (34).
There have been many reports of synthetic substrate hydroly­
sis by pepsin (35-67). Factors that influence the sp e c ific ity  of pep­
sin fo r synthetic substrates are the nature o f the si de-chains of the 
amino acid residues on e ithe r side of the peptide bond to be cleaved, 
the stereo-chemical re lationship between the side-chains of the sub­
strate and the enzyme (D or L isomers), and the nature of the groups 
in the substrate d is ta l to the peptide bond (45,49,59,61-63,67). In 
general, catalysis is  favored between hydrophobic residues in a pep­
tide o f L-amino acids with l i t t l e  or no net negative charge at acid pH.
Studies on the pH dependence of hydrolysis o f substrates have 
given ins igh t in to  the ionization of enzyme functional groups in the 
free enzyme and in the enzyme-substrate complexes. Table 3 summarizes 
the substrate and estimated pK's of the functional groups in pepsin.
I t  appears that carboxyl groups at or near the active s ite  are involved 
in catalysis and/or substrate binding. There seem to be at least two 
carboxyl groups involved in cata lysis, one with an abnormally low pK 
and one with a normal pK (46,50,51,57,68).
Inactivation of pepsin by compounds which covalently react 
with functional groups at or near the active s ite  of pepsin have been 
reported and contribute to the study o f the ionization of carboxyl 
groups in pepsin. Tang (69), studying the specific  and irreve rs ib le  
inactiva tion of pepsin by substrate-like epoxides, inactivated pepsin 
with 1,2-epoxy-3-(p-nitrophenoxy)propane, (EPNP). He found two moles
10 
TABLE 3
ESTIMATED pK's OF FUNCTIONAL GROUPS IN PEPSIN CALCULATED 
FROM SYNTHETIC SUBSTRATE HYDROLYSIS
Substrate^
pK of Functional Group in
Ref.Free Enzyme Enzyme-Substrate
Complex
Ac-Phe-Di iodotyr 4.25 3.2b 42
---- 1.62 46
---- 3.48 II
-  - 1.6 (pKl)C 68
- - 4.1 (pK') II
---- 4.7b 58
Ac-D-Phe-Tyr 3.0 3.8 48
Ac-D-Phe-Tyr-OMe 3.0 4.2 48
Ac-Phe-3,5 Dibromotyr 0.75 (pKgi) 0.89 (pK^^J 50
2.67 (pKgJ 3 .4 4  ( P K , , , )
Ac-Phe-Trp 1.40 (pK^^) 1.05 51
4 .2 5  (pKg^) 3.70
Ac-Phe-Tyr-NHg 1.17 (pK^gjC
<^Sesh>
51
4.35 (pKgg) 4.15 (pKgEsw)
~ - 4. 7b 58
Ac-Phe-Tyr 1.17 (pKj^) 1.12 (pKgEsw) 51
4.35 (pKgE) 3.70 (pCgEs^)
-  — 4. 1b 58
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TABLE 3 (CONTINUED)
pK o f Functional Group in
Substrate® Free Enzyme Enzyme-Substrate
Complex
Ref.
Ac-Phe-Phe-OMe -- 1.4 ( pk;)  
4.6 (pK‘ )
68
Ac-Tyr-Phe-OMe 1.8 ( pk; )  
4.6 (pK’ )
68
Z-His-Phe-OEt -- 3.8 (pKa)b 61
Ac-Phe-Phe-Gly --- 1.1 57
Ac-Phe-Phe --- 1.1 57
Ac-Phe-Phe-NHg — — 1.05
4.75
57
Methyl phenyl s u lf ite -- 2.6 53
N-TrifluoroAc-Phe
-  -
3 . 7b
4.8
65
a. abbreviation: Ac, N-acetyl; His, h is tid in e ; Phe, 
alanine; D-Phe, D-phenylalanine; Tyr, tyrosine; Trp, tryptophan
L-phenyl 
; OMe,
methyl ester; -OEt, ethyl ester; NHg, amide; 2, benzoxycarbonyl
b. involved in binding o f substrate to pepsin.
c. pK! and pK  ^re fer to the ionization of two groups. pK
and pK or pK.r and pK.r re fer to the ionization of the groups in tn
free enzyme. pK , and pK % or pK 
o f the groups in trie presence of su
^iy . ,p<.n and pK.rru re fer to the ionization
BStPate.
12
o f EPNP covalently bound to each mole of pepsin; one aspartic acid 
residue, and one methionine residue were modified. At lower tempera­
tures, a 1:1 corre la tion between EPNP incorporation and loss of pepsin 
a c tiv ity  was observed (70). The residue modified was an aspartic acid, 
located at position 32 in the pepsin sequence (71,72). The pH-inacti- 
vation rate p ro file  fo r  the inactiva tion  o f pepsin by EPNP suggested a 
pK of 2.8 fo r the active carboxylate ion (70).
A number o f diazo compounds have been found that react with 
pepsin, resu lting  in essentia lly complete loss of peptic a c t iv ity . A 
l i s t  of these compounds is  given in  Table 4.
The functional group tha t reacts w ith the diazo compounds is 
an aspartic acid residue (84-87) id e n tifie d  in  the pepsin sequence as 
aspartic acid number 215 (72,88). S im ilar findings have been reported 
fo r other acid proteases such as pepsin C (89), bovine pepsins (90) and 
acid proteases from Aspergillus awomari and Rhodotorula g lu tin is  (91,92).
Copper sa lts  improve the rate and sp e c ific ity  o f diazo com­
pounds. A copper-carbene intermediate has been suggested in  the mechan­
ism of inac tiva tion  (80). From the pH-rate o f inactiva tion  p ro file , 
the suggested mechanism involves two carboxyl groups, one ionized with 
a pK near 4 which binds the copper-carbene intermediate, and one proto- 
nated w ith a pK considerably higher which donates a proton in  the in ­
activa tion  reaction (80). The actual mechanism o f inactiva tion  is s t i l l  
not known.
Specific but incomplete inactiva tion  by p-bromophenacyl 
bromide has been a ttribu ted to a reaction with an aspartic acid at or 
near the active s ite  of pepsin (93-95). However, th is aspartic acid
13
TABLE 4
DIAZO INACTIVATORS OF PEPSIN
Compound Reference
Di phenyldi azomethane 73
(DOM)
L-1-di azo-4-phenyl-3-tosylami do butanone 74
(L-DPTB)
Diazoacetyl-DL-norleucine methyl ester 75
l-Diazo-4-phenylbutanone 76
(DPB)
a-Di azo-p-bromoacetophenone 77
Benzyloxycarbonyl-L-phenylalanyl diazo methane 78
(ZPDM)
l-Diazo-3-dinitrophenyl amino propane 79
(IK6)
Diazoacetyl-DL-phenylalanine ethyl ester 79
(IGP)
Diazoacetylglycine ethyl ester 79
(IGG)
a-Diazo-B-p-oxyphenylpropionic ethyl ester 79
Phenyl benzoyldiazomethane, azibenzyl 79
Diazoacetylglycine ethyl ester 80
Diazoacetic acid ethyl ester 80
N-Di azoacetyl-N' -1,2-dinitrophenyl-ethylene di ami ne 81, 82
(DDE)
l-Diazo-2-phenylethane 83
1,1-Bi s(di azoacetyl)-2-phenylethane 83
dl-l-D iazoacetyl-l-bromo-2-phenylethene 83
14
is not the same aspartic acid involved with diazo compounds (77).
From the above studies on the hydrolysis of synthetic sub­
strates and the inactivation of pepsin, and from other studies, such 
as 0^ ® exchange between pepsin and (96-98), and incorporation
from trimethyl oxonium fluoroborate (99), i t  has been inferred that 
at least two carboxyl groups are essential for peptic activity. Current 
proposals for the mechanism of pepsin action include two carboxyls in 
the active site.
Clement, et ^  (68) proposed a mechanism for the hydrolysis 
of neutral dipeptides consistent with two carboxyls kinetically in­
volved in the rate limiting step. Both the acyl and amine half of the 
dipeptide are covalently bonded to pepsin during hydrolysis, and the 
rate determining step does not involve proton transfer. The simplified 
mechanism is described in Figure 1.
The search for an acyl-enzyme intermediate has been inconclu­
sive (100-104), and the search for an amino-enzyme intermediate has met 
with l i t t le  success (105,106). Most of the "evidence" for acyl or amide 
intermediates can be interpreted on the bases of differences in the 
side-chaln binding strengths of the substrates. Studies on the inhibi­
tion of pepsin by a variety of competitive and non-competitive inhibi­
tors have suggested an ordered release of products after hydrolysis with 
the carboxylate product leaving f irs t  (107-109).
Knowles, et (110,111) have proposed mechanisms which
account for the catalytic activities of pepsin (hydrolysis, transpepti- 
18dation, and 0-exchange), the involvement of an amino-enzyme inter­
mediate, and the participation of at least two carbonyl groups (one
15
FIGURE 1: PROPOSED PEPSIN MECHANISM (CLEMENT, et a i). This 
mechanism was proposed by Clement, et a i (68) for the hydrolysis of 
neutral dipeptides.
o o
II _ II
C —O H C —O —C—R/  I , slow /  il H2O
PEP +  R - C - N - R  PEP H O —^
OH O \ - N - R '
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a t
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II II II
C -O H  +  RCOOH C C -O
/  /  \  HoO /
PEP H  y  PEP O +  R NH2 — ^  PEP
\ - N —R' OH
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with pKa 1.0 and one with pKa 4.0) in catalysis. The mechanism for 
peptide hydrolysis is outlined in Figure 2. The interaction between 
the substrate and the active site forms a tetrahedral intermediate, 
which then breaks down into the products. The ^®0-exchange is explain­
ed by incorporation of 0 into rapidly metabolized carboxyl groups in 
the active center (96). The 0-exchange mechanism may involve an 
anhydride between two carboxyl groups (105).
Wang (112) suggested a mechanism in which pepsin has a slight­
ly distorted peptide linkage at the active center. This mechanism is 
shown in Figure 3. This mechanism would be consistent with 0-exchange 
data i f  rapid protonation by one carboxyl group would make the other 
carboxyl carbon a strong electrophile which could react with water.
In catalysis, a substrate would react instead of water. The pH depen­
dence of pepsin activity could be explained in part by this mechanism 
(112). The only lysine in pepsin is changed to glutamine in human 
pepsin (113), therefore, lysine is not essential in the activity of 
pepsin and Wang's hypothesis is not valid.
Hartsuck and Tang (70) provided direct evidence for a 
carboxyl group other than the one modified by diazo compounds. They 
proposed a mechanism which included an arginine in the active center. 
This proposal was reinforced by the loss of peptic activity upon 
modification of argininyl residues near the COOH-terminus of pepsin 
(114-115). Their mechanism is shown in Figure 4. One of these 
arginines may be in a position to polarize the carbonyl bond making i t  
susceptible to nucleophilic attack (70). The pKa of the ionized 
carboxyl would be influenced by a neighboring protonated carboxyl not
18
FIGURE 2: PROPOSED PEPSIN MECHANISM (KNOWLES). This 
mechanism was proposed by Knowles, et al (110,111) and accounts for 
hydrolysis. Other similar mechanisms account for transpeptidation 
and 0-exchange.
X
I
PO
pepsin.
PO
I
0 = 0 '
O
; -0 -o
O
_______ pepsin----------------------
PD
. I
0 — 0  o =  O X —O " ^
IIo
pepsin
0—0
IIo
O —o-
X IIo
Ix - z
I
PD
II
O
1X3
pepsin
r i
I - O - o
o
________pepsin_____________
PO
I
0 — 0 " O " ^  
II I IIo z o
I
PO
20
FIGURE 3: PROPOSED PEPSIN MECHANISM (WANG). This mechanism, 
proposed by Wang (112), involves a slightly distorted peptide linkage 
at the active center.
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FIGURE 4: PROPOSED PEPSIN MECHANISM (HARTSUCK AND TANG), 
This mechanism, proposed by Hartsuck and Tang (70), involves an 
arginine in the active center polarizing the peptide bond.
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directly involved in catalysis. This mechanism is very similar to 
that proposed independently by Hunkapiller and Richards (65).
Parsons and Raftery (116-119) have been able to study the 
ionization behavior of the catalytic carboxyls of lysozyme by pH 
difference titrations of the B-ethyl ester derivative of the aspartic- 
52 residue of lysozyme relative to native lysozyme. I ,  therefore, 
undertook to study the ionization behavior of the carboxyl groups 
modified by diazoacety-DL-norleucine methyl ester compared to native 
pepsin by difference titra tio n . Chapter I I I  provides new insight into 
the ionization of carboxyl groups in the active site of pepsin.
CHAPTER I I
CONVERSION OF PEPSINOGEN TO PEPSIN
Materials
Proteolytic Enzymes 
Chromatographically pure pepsinogen (Lots PGCIIA and PGC53J413) 
used in the activation and spectral experiments, crystalline pepsinogen 
(Lot PGIJA) used for the preparation of pepsin according to the 
procedure of Rajagopalan, Moore, and Stein (22), and carboxypeptidase 
A-DFP (COADFP 3AA) were a ll obtained from Worthington Biochemical 
Corporation. .
Cation Exchange Resins 
SE-Sephadex C-25 and SP-Sephadex C-25 were purchased from
Pharmacia.
U ltrafiltration  Membranes 
Diaflo u ltra filtra tio n  membranes were purchased from the 
Ami con Corporation.
Reagents
Reagents and solvents used in the Protein Sequencer were 
obtained from Beckman Instruments. All other reagents were analytical
25
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grade.
Methods
Activation of Pepsinogen for Quantitative Analysis 
of the NH2 - Terminal Two Residues 
Activation mixtures were prepared to quantify the chemical 
cleavage of pepsinogen when pepsin was formed under various experimental 
conditions. Pepsinogen, 20 to 25 mg, was dissolved In 2 mM Tris 
Chloride, pH 7.5, with a final protein concentration of 1 mg per ml 
(25 ;M). An appropriate amount of 0.24 M MCI was added to bring the 
pH of the solution to the desired value. At the end of the activation 
period, sufficient 1 M Tris was added to raise the pH to 8.5. The 
solution was allowed to remain at room temperature for 1 to 2 hours in 
order to denature any pepsin formed.
For activation at low pH or for short activation times, 1t 
was helpful to use a mixture of chloroacetic and hydrochloric acids 
(22) or 0.02 M sodium citrate buffer to lower the pH. Complete acti­
vation to produce homogeneous pepsin was achieved using a 20 minute 
activation at pH 2.2 (22).
Separation of Pepsinogen-PepsIn Mixture 
from Activation Peptides 
The solutions containing the activation products were concen­
trated using Amlcon u ltra filtra tio n  cells (model 12 or model 52) and 
Diaflo u ltra filtra tion  membranes (UM 05, UM 10 or PM 10). Glass dis­
tille d  water, followed by the buffer which was to be used 1n the 
subsequent column chromatography, was added to the solutions being
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concentrated in order to wash out residual salts and to adjust the 
solution to the required pH. The concentrated pepsinogen-pepsin mix­
ture, protein concentration about 8 mg per ml, was separated from the 
basic activation peptides on a SE-Sephadex C-25 or SP-Sephadex C-25 
column (1.5 cm x 30 cm), equalibrated and eluted with 0.4M sodium 
acetate, pH 6.0 or pH 4.4 (22). Under these conditions the basic 
activation peptides are bound to the column (22). In it ia lly  pH 6.0 
was used to guard against further pepsinogen activation during chroma­
tography. However, while these experiments were underway, i t  was 
found that pepsinogen, which is free of pepsin, does not activate at 
pH 4.4 during a 7 hour incubation period. Therefore, subsequent 
columns were eluted at pH 4.4. The flow rate was 1 ml per minute and 
2 to 3 ml fractions were collected at 13°C. The protein peak was 
pooled and dialyzed for 12 hours against 2 changes of glass distilled  
water which had been adjusted to pH 10 with concentrated ammonium 
hydroxide. This step assured dénaturation of a ll remaining pepsinogen. 
The dialyzed protein was lyophilized.
Quantitative Analysis of the 
NHa-Terminal Two Residues 
The NHz-terminal two residues of the peptide free activation 
products were analyzed using a Beckman model 890C Protein Sequencer 
with a Fast Protein-Quadrol Program No. 072172C. This is similar to 
the single coupling, double cleavage method of Edman and Begg (120). 
The conversion of thiazolinines to phenylthiohydantoin (PTH)^-amino
^Abbreviation: PTH, phenylthiohydantoin.
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acid derivatives and their subsequent extraction has been described 
(120). The PTH-amino acids were identified using a Beckman GC-65 gas- 
liquid chromatograph equipped with two columns of SP-400 packing (121).
For quantitative measurement of PTH-amino acids from a mix­
ture of pepsinogen and pepsin, two steps of Edman degradation were 
carried out in the sequencer. The NHb-terminal leucine and isoleucine, 
derived from pepsinogen and pepsin, respectively, were determined to­
gether because their PTH derivatives did not separate during the gas- 
liquid chromatography. The PTH-valine and PTH-glycine, derived from 
the second residues of pepsinogen and pepsin, respectively, were deter­
mined from separate peaks in the gas-liquid chromatography. Other 
PTH-amino acids were determined in gas-liquid chromatography with and 
without silylation (121). Quantitative yields were calculated from 
PTH-amino acid standards run under the same conditions.
Control mixtures containing known ratios of pepsinogen and 
pepsin were prepared from the pure proteins and the second residues 
were quantitatively determined to establish the accuracy of this 
method of quantification. The ratio of PTH-valine to PTH-glycine was 
taken as the ratio of pepsinogen to pepsin in the sample. The 
determinations were accurate to within 3%.
COOH-Terminal Analysis 
One milligram samples of the activation products, which had 
been isolated for quantitative ami no-terminal analysis, were subjected 
to carboxypeptidase A digestion at 37°C for 5 hours (122). After lyo- 
philization, the free amino acids were analyzed in a Beckman 1208 
analyzer.
29
Difference Spectra 
In it ia lly , the procedure of McPhie (19) was followed. At 
room temperature a cuvette containing 2 ml of 20 yM pepsinogen in 2mM 
Tris chloride, pH 7.5, was adjusted to pH 2.85 by the addition of a 
previously determined quantity of 1 N perchloric acid. After an elapsed 
time of less than 2 minutes, the solution was raised to pH 7.3 by the 
addition of 1 M Tris. The difference spectra, with 20 yM pepsinogen 
in 2 mM Tris chloride, pH 7.5, as a reference, were recorded on a Cary 
model 15 spectrophotometer using the 0 to 0.1 absorbance scale.
In later experiments, 0.24 M HCl acid instead of 1 N perchloric 
acid was used to lower the pH in the reaction cuvette. Also, 0.24 M 
HCl acid and 1 M Tris were added to the reference cuvette in the same 
amounts as added to the reaction cuvette but in reverse order. For 
studies at pH 8.5 an appropriate amount of 1 M Tris was added to the 
reaction and reference cuvettes to raise the pH to 8.5.
All pH measurements were made with a Radiometer pH meter 26 
equipped with a GK2311C combination electrode. In the above experiments, 
after raising the pH of the reaction cuvette, the difference spectra
were recorded at various times. The length of time required to record
!
a difference spectrum from 260 nm to 320 nm was about 30 seconds.
In a control experiment, 0.5 mg/ml and 1.0 mg/ml pepsinogen 
solutions were activated at pH 2.85 for 1.5 minutes. The change in 
absorbance at 287 nm during incubation at pH 8.5 of the 1.0 mg/ml 
solution was twice the change in absorbance of the 0.5 mg/ml solution 
at a ll incubation times up to one hour. Apparently, the pepsin 
concentration after activation was directly proportional to the change
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in absorbance at 287 nm during incubation at pH 8.5.
Results
Quantitative measurement of the NHg-Terminal 
Two Residues in the Peptide-free 
Activation Products 
Figure 5 summarizes the quantitative measurement of the f irs t  
two residues of pepsinogen (Worthington, PGC), of pepsin prepared by 
the method of Rajagopalan et (22), and of the peptide-free reaction 
products after pepsinogen activation for 30 seconds and 1.5 minutes at 
pH 3.2. The f ir s t  two residues of pepsinogen, leucine and valine (11), 
were determined without significant contamination (Fig. 5 ,a). Complete 
activation of pepsinogen for 20 minutes at pH 2.2 (22) produced pepsin 
with the predominant NHz-terminal sequence of Ile-Gly- (Fig. 5,b) as 
expected (72, 123, 124). The completeness of activation under these 
conditions is indicated by the small amount of PTH-valine found in the 
second residue. A separate experiment, not shown in Fig. 5, in which 
activation at pH 2.2 was carried out for only 1.5 minutes produced 
relative amounts of the NH2 -terminal residues similar to those shown 
in Fig. 5,b (the 1.5 minute activation data are shown in Table 5). 
Activation at pH 3.2 (Fig. 5,c and 5,d) produced much more hetero­
geneity in the NHz-terminal two residues of pepsin than was observed 
in the pH 2.2 activation experiments.
Table 5 lists the percentage of PTH-amino acids attributable 
to pepsinogen, pepsin with NHa-terminal sequence lle-G ly-, and other 
activation products in pH 2.2 and pH 3.2 activation mixtures. Pre­
sumably the other activation products are pepsin molecules with other
31
FIGURE 5: NHg-TERMINAL TWO RESIDUES OF PEPSINOGEN ACTIVATION
PRODUCTS AFTER PEPTIDES HAVE BEEN REMOVED. Solid bars, f ir s t  residue; 
open bars, second residue. A, Pepsinogen Worthington PGC; B, Pepsin 
from pepsinogen activated for 20 minutes, pH 2.2, 14 C (22); C, Pepsin­
ogen activated for 30 seconds at pH 3.2; D, Pepsinogen activated for
1.5 minutes at pH 3.2. Leucine and isoleucine were not distinguishable 
(see Methods).
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NHz-termini. The peptide products had been removed as described above. 
The expected percentages of pepsinogen, Ile-G ly- pepsin^ and other 
products are tabulated for comparison. These calculated values were 
derived from the rate constants^ ki = 0.3 min'^ and k2 = 2.5 mg“  ^ min"  ^
for activation at pH 3.2 and ki = 2.1 min”  ^ and kz = 1.6 mg"^  min-i 
for activation at pH 2.2 (23). I t  was assumed in these calculations 
that f irs t  order activation yields a specific pepsin product with the 
NHz-terminal sequence Ile-G ly-, whereas second order activation yields 
a variety of pepsin species. The assumption is confirmed by the fact 
that the observed yields of second glycine shown in Table 5 agree 
with the amount expected from f irs t  order activation.
COOH-Terminal Analysis 
Carboxyl-terminal analysis of reaction products from 1 .5  
minute activation at pH 2 . 2 ,  30 second activation at pH 3 . 2 ,  and 15 
minute activation at pH 4 . 0  suggests increasing heterogeneity of the 
COOH-terminal residues as the reaction is shifted from a predominantly 
f irs t  order activation mechanism at pH 2 . 2  to a predominantly second 
order activation mechanism at pH 4 . 0 .  The ratios for the COOH-terminal 
amino acids relative to alanine as 1 .0  are: valine, 0 . 3 4 ,  leucine, 
0 . 2 8 ,  for 1 .5  minute activation at pH 2 . 2 ;  valine 0 . 5 2 ,  leucine, 0 . 3 8 ,  
tyrosine, 0 . 3 7 ,  phenylalanine, 0 . 2 9 ,  for 30 second activation at pH 
3 .2 ;  and valine, 1 . 0 ,  isoleucine, 0 . 2 0 ,  leucine, 1 .5 1 ,  tyrosine, 0 . 7 6 ,
^Abbreviation: Ile-Gly-pepsin, a pepsin molecule with NH2 -
terminal sequence Ile-G ly-.
^ki is the rate constant for unimolecular activation, and 
k2 is the rate constant for bimolecular, pepsin catalyzed, activation.
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TABLE 5
PERCENTAGES OF ACTIVATION PRODUCTS
Activation Conditions 30 sec at pH 3.2 1.5 min at pH 3.2 1.5 min at pH 2.2
Quantification 
of Products Obs % Calc % Obs % Calc %Obs % Calc %
Pepsinogen 80.0 75.3 17.3 12.4 7.7 7.2
lle-Gly- pepsin 6.4 13.4 34.4 25.3 79.7 76.3
Other pepsins 13.6 11.3 48.4 62.3 12.6 16.5
Observed percents, obs. % , were derived from the sequence analysis 
of the f ir s t  two NH2 -terminal residues of the activation products assuming 
Leu-Val- to be the f irs t  two residues of pepsinogen, Ile-Gly- to be the 
f irs t  two residues of pepsin from a f ir s t  order activation mechanism, and 
other NH2 -terminal residues to be from pepsin formed by a second order 
activation mechanism. Calculated percents, calc. %, were derived from 
f irs t  and second order rate constants previously reported (23).
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phenylalanine, 0.90, for 15 minute activation at pH 4.0. The expected 
COOH-terminal sequence of both pepsin and pepsinogen is -Pro-Val-Ala 
(125-128). Carboxypeptidase A digestion would release only alanine and 
valine. The unexpected carboxy-termini must result from internal clea­
vage due to peptic autodigestion which appears to be more prominent 
under conditions which favor second order activation. Autodigestion 
is supported by the fact that hydrophobic residues, susceptible to 
peptic cleavage, appear conspicuously in the COOH-terminal analysis.
Although the existence of internal cleavage points may 
complicate the quantitative evaluation of the NH2 -terminal sequences 
(Table 5), several facts support the conclusion that the NH^-terminal 
data can be used as a measure of pepsin formation. First, the pH 2.2 
activation products contain only a very small amount of the unexpected 
NHg- and COOH-terminal residues. Second, in the pH 3.2 activation 
products, the amount of pepsinogen plus pepsin with an NH2 -terminal 
Ile-Gly- sequence should be represented in the yields of NH2 -terminal 
PTH-leucine plus PTH-isoleucine and of second residue PTH-valine plus 
PTH-glycine. In the 1.5 minute activation experiment at pH 3.2 the 
combined yields, 51.2% for the f irs t  NHg-terminal residues and 51.6% 
for the second residues, agree well. Third, COOH-terminal data are a 
collection of free amino acids from continuous carboxypeptidase A 
digestion; so i t  is not possible to quantify their origin.
Difference Spectra
Figure 6 shows four difference spectra which were observed 
during 1.5 minute pepsinogen activation at pH 2.85 and during the
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FIGURE 6; DIFFERENCE SPECTRA OF PEPSINOGEN SOLUTIONS. A, 
Sample, 20 yM pepsinogen during 1 .5  minute activation at pH 2 .8 5 ;  
reference, 20 yM pepsinogen, pH 7 . 5 .  B, Sample, 20 yM pepsinogen im­
mediately following neutralization to pH 7 .3  after 1 .5  minute activa­
tion at pH 2 .8 5 ;  reference, 20 yM pepsinogen, pH 7 .5 .  C, Same 
conditions as B but 1 minute after neutralization of sample to pH 7 .3 .  
D, Sample, 20 yM pepsinogen incubated 12 minutes at pH 8 . 5  after 1 .5  
minute activation at pH 2 . 8 5 ;  reference, 20 yM pepsinogen, pH 8 .5 .
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subsequent incubation in neutral and then alkaline solutions. The
difference spectrum at pH 2.85 (Fig. 6 ,a) was very similar to that of
pepsin versus pepsinogen. An interpretation of this spectrum as i t  
relates to the absorbance of aromatic residues in pepsinogen has been 
discussed (19). After neutralization of the acidic pepsinogen solution, 
an intermediate phase (Fig. 6,b) and then subsequent disappearance of 
the difference spectrum (Fig. 6,c) were observed. This confirms in 
general the results of McPhie (19). I f  the 1.5 minute-activated 
pepsinogen solution was taken to pH 8.5, the disappearance of the
difference spectrum was only temporary. After incubation at pH 8.5 a
difference spectrum (Fig. 5,d), similar to that of the acidified 
pepsinogen solution, reappeared. Moreover, i t  was found that the 
regeneration of the difference spectrum also took place when the 
activated pepsinogen solution was maintained at pH 7.3, but the rate 
of regeneration was about ten times slower than at pH 8.5.
Rate of Reappearance of the Difference Spectra
Pepsinogen solutions were acidified to pH 2.85 for 0.5, 1 and
1.5 minutes and the pH of each solution was then raised to 8.5. The 
rate of reappearance of the difference spectrum was measured by observ­
ing the change In abosrbance (Ae) at 287 nm. The results In Fig. 7 
show that both the rate of appearance of the difference spectra and 
the maximum attained difference are dependent on the activation time.
Since the values of Ae reflected the amount of pepsin formed 
during activation, the pepsin concentration and the rate of pepsinogen 
activation could be calculated from the data In Fig. 7. This calcula-
FIGURE 7: ABSORBANCE CHANGES AT 287 nm of 20 yM PEPSINOGEN 
INCUBATED AT pH 8.5 AFTER ACTIVATION AT pH 2.85. A ,  30 second acti­
vation; #, 1 minute activation; 0, 1.5 minute activation; A e  is the
absorbance difference (units M"^ cm“^); reference, 20 yM pepsinogen, pH io
8.5. Each point represents three independent experiments ± SEM.
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tion, for the f ir s t  order activation rate constant at pH 2.85, is 
described in the following section. Earlier, inactivation of pepsin 
at pH 8.5 was shown to reach completion within 12 minutes (23); this 
time course is consistent with the development of the difference 
spectra.
Calculation of the First Order Pepsinogen
Activation Rate Constant
The integrated f irs t  order activation equation is
In {Pgn> = kit 
{Pgno}
where {Pgn} is the pepsinogen concentration at time t ,  {Pgnol is the 
in it ia l pepsinogen concentration, and ki is the f irs t  order rate con­
stant.
I f  the magnitude of the difference spectrum at 287 nm, which
develops during incubation at pH 8.5, is a direct measure of the amount
of pepsin in a partially activated pepsinogen solution then
iPgno) o Asmax 
and {Pgn} a
where A e  is the maximum observable difference at 287 nm after 100% max
pepsinogen activation and Ae^  is the maximum observable difference after 
activation for time t. I f  Ae^ /^Ae^  ^ constant for any pH 8.5 incuba­
tion time, then the spectral change may be observed after any period of 
incubation time as well as after a maximal spectral change has occurred. 
The ratios among Ae '^s for the different activation experiments at six 
different times of incubation are tabulated in Table 6 . The data in 
this table support the hypothesis that these ratios are constant. The
TABLE 6
RATIOS OF THE ABSORBANCE CHANGES AT 287 nm 
OF PEPSINOGEN INCUBATED AT pH 8.5 FOR 
VARIOUS TIMES AFTER ACTIVATION AT 
pH 2.85
Incubation time at pH 8.5 
(minutes) B/A
AeRatios
C/A C/B
2 2.48 (1.81-3.62) 5.00 (3.60-7.34) 2 . 0 1 (1.76-2.31)
4 2.90 (2.23-3.92) 5.46 (4.24-7.33) 1 . 8 8 (1.66-2.14)
6 3.06 (2.56-3.77) 5.58 (4.52-7.09) 1.83 (1.70-1.95)
8 3.44 (2.87-4.22) 5.69 (4.72-7.04) 1 . 6 6 (1.55-1.77)
1 0 3.52 (2.96-4.29) 5.86 (4.90-7.14) 1 . 6 6 (1.54-1.79)
1 2 3.45 (2.87-4.18) 5.62 (4.75-6.73) 1.63 (1.47-1.80)
ave. 3.14 5.54 1.78
ro
A, A e  due to 30 second activation. B, A e  due to 1 minute activation. C, A e  due to
1.5 minute activation. Reference 20 yM pepsinogen, pH 8.5. These ratios are calculated from 
the data displayed in Figure 7. The range is enclosed in parentheses.
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amount of pepsin formed was therefore calculated from the after 1 0  
minute incubation at pH 8.5. The average change in absorbance at 287 
nm after 8 , 1 0  and 1 2  minute activation and 1 0  minute incubation at 
pH 8.5 was taken as Ae^ ^^  (4334±261 cm-i).
The integrated f irs t  order rate equation which is shown 
above can be rewritten as
Acmax'AEt A= ki.In ^
^^ max
Fig. 8  shows a plot of In /  ^%ax~^^t\ versus t. The ki derived from
\  ^^ max /the slope of the least squares line through these points is 0.44 min'i
and that line has an intercept which corresponds to 1 0 % error in the
in it ia l value of ^%ax“^^t . Earlier studies had determined a f irs t
Aemax
order rate constant of 0.5 min" at pH 2.85 (23).
Discussion
The activation of pepsinogen is apparently achieved by the 
in it ia l cleavage of a peptide bond followed by a very rapid develop­
ment of proteolytic activity. This conclusion is supported by the 
agreement between the reported activation rate constant (0.5 min-i)
(23) and the rate constant determined spectrally in this study (0.44 
min'i) as well as by the agreement between the calculated per cent of 
pepsinogen activation and the per cent of pepsinogen activation 
observed in the NHz-terminal analysis. The data does not support the 
hypothesis of intermolecular proteolytic activity of the zymogen 
after a conformational change (27).
The intramolecular cleavage of porcine pepsinogen apparently 
produced pepsin with the NHz-terminal sequence Ile-G ly-. The quantifi-
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FIGURE 8 ; PLOT OF VERSUS ACTIVATION TIME, t.
Aemax is average absorbance difference measured at 287 nm of 20 wM 
pepsinogen activated at pH 2.85 for 8 , 10 and 12 minutes measured 10 
minutes after the pH was raised to 8.5. Aemax“^334±261 M“ cm" . Ae^
is the average absorbance difference of 20 uM pepsinogen activated for 
time t ,  measured 10 minutes after the pH was raised to 8.5. Reference, 
20 pM pepsinogen, pH 8.5. The solid line is a least squares f i t  of the 
data. The slope of this line implies a ki of 0.44 min" .^ The intercept 
corresponds to a 1 0 % error in the in itia l value of Ae^ gj^ -Ae^ _
A^ max
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cation of the yield of these two residues, under activation conditions 
which favor the unimolecular reaction, agrees well with the amounts 
predicted from the preciously determined activation rate constants (23). 
This tramolecular activation site must be located between residues 
44 and 45 in the pepsinogen molecule (12,13). In tu itively , i t  seems 
that a unimolecular activation mechanism, i f  i t  is due to a single 
reaction and kinetically fits  a f irs t  order treatment, would produce 
a homogeneous reaction product. An activation system which favors 
the f irs t  order reaction does produce a homogeneous pepsin with a 
single amino terminus (22,24). However, in the bimolecular activation 
reaction, particularly in view of the wide specificity of pepsin 
(34,129,) there is no mechanistic reason why the pepsin product must 
have a homogeneous amino terminus. The results shown in Table 5 
were calculated assuming that unimolecular activation produced a 
single NHz-terminal sequence Ile-Gly- and that bimolecular activation 
produced a heterogeneous NHz-terminal sequence but not Ile-G ly-. 
Ile-Gly- could result from bimolecular activation, but a peptide bond 
involving isoleucine is not favored by pepsin (34, 129) and thus 
bimolecular cleavage at this site (between residues 44 and 45 of 
pepsinogen) is probably insignificant.
Autodigestion could play a role in producing heterogeneous 
amino and carboxyl-termini (22). I t  has been argued in the Results 
section that the amount of COOH-terminal heterogeneity which was 
observed was not sufficient to invalidate the conclusion that activa­
tion produces a homogeneous Ile-Gly-pepsin.
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Considering the results of McPhie (19), the temporary dis­
appearance of the difference spectrum between an activated pepsinogen 
solution and a native pepsinogen solution, as shown in Fig. 7, is 
best explained by the association of the basic activation peptide with 
pepsin. Strong binding of this peptide to pepsin, as demonstrated 
by its ab ility  to inhibit peptic activity has been shown to occur 
(4,130). The following scheme summarizes an interpretation of the 
processes which take place when a pepsinogen solution is made acidic 
and then quickly returned to neutral pH.
Native Pepsinogen 
I  pH 2.85 
Pepsinogen + pepsin + peptides 
I  pH 7.3
Pepsinogen + (pepsin • peptides)**
I  pH 8.5
Pepsinogen + denatured pepsin + peptides 
Pepsinogen is activated either intramolecularly or inter- 
molecularly (pepsin catalyzed). I f  the activation mixture is 
neutralized quickly, the activation products, pepsin and peptides, 
associate to form a complex with a conformation similar to that of 
pepsinogen. However, during alkaline incubation, a pH dependent 
destruction of this complex occurs so that a difference spectrum is 
generated.
**A pepsin-peptide complex that resembles native pepsinogen 
spectrophotometrically.
CHAPTER I I I
PEPSIN ACTIVITY: IONIZATION BEHAVIOR OF CARBOXYL
GROUPS MODIFIED BY DIAZO ACETYL-DL- 
NORLEUCINE METHYL ESTER
Materials
Pepsinogen
Pepsinogen (lots IIA and IJA) used in the preparation of 
pepsin according to the procedure of Rajagopalan, et aj_ (22) was 
obtained from Worthington Biochemical Corporation.
Glycyl-DL-Norleucine 
Glycyl-DL-norleucine (lots ZZ1055 and ZZ1200) used in the 
preparation of diazoacetyl-DL-norleucine methyl ester® by the pro­
cedure of Rajagopalan, et ^  (75) was obtained from Schwarz-Mann. 
Glycyl-DL-norleucine (lo t 7410) used in the preparation of diazoacetyl- 
DL-norleucine i4c_methyl ester was obtained from Nutritional Bio- 
chemicals Corporation.
®For preparation of glycyl-DL-norleucine methyl ester, see
appendix.
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i^c-Methanol
i^c-methanol, used in the preparation of diazoacetyl-DL- 
norleucine i^c-methyl ester by the general procedure of Rajagapolan, 
et a l (75), was purchased from New England Nuclear Corporation.
Chromatography Resins 
SP-Sephadex C-25 and Sephadex G-25 were from Pharmacia. 
Chelex 100 was obtained from Bio-rad Laboratories.
Carbonate-Free KOH 
Carbonate-free KOH (D ilu t-it)  was purchased from J. T. Baker 
Chemical Company.
Filtration Membranes 
Diaflo u ltra filtra tio n  membranes were purchased from the 
Ami con Corporation. Filters of 0.45y pore size were obtained from 
Millipore F ilte r Corporation.
Reagents
Other reagents were obtained from commercial sources and 
we;e of the highest purity available.
Methods
Preparation of Homogeneous Pepsin 
Crystalline pepsinogen was converted to pepsin by the pro­
cedure of Rajagopalan, Moore and Stein (22). The pepsin produced was 
essentially homogeneous as determined by analysis of the f irs t  two 
amino-terminal residues (see Methods and Results in Chapter I I ) .
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Proteolytic Activity 
The proteolytic activity was measured with acid denatured 
hemoglobin as substrate. The procedure was essentially that of Anson 
and Mirsky (131) modified by Tang (132).
Preparation of Pepsin Inactivated by 
Diazoacetyl-DL-Norleucine 
Methyl Ester
Homogeneous pepsin was inactivated with diazoacetyl-DL- 
norleucine methyl ester^ according to the procedure of Rajagapolan, 
Stein and Moore (75), with cupric chloride instead of cupric acetate 
in the reaction mixture. The reaction mixture was passed through a 
Sephadex G-25 column (equilibrated with H^ O adjusted to pH 5.0 with 
HCl) to remove residual reagents and salt. Since Cu++ binds to 
pepsin (79), a suspension of Chelex 100 (which had been converted to 
the potassium form, washed with glass distilled water, and adjusted to 
pH 5.0 with HCl) was added to the pooled, desalted protein peak from 
the Sephadex G-25 elution to remove cupric Ions s t i l l  bound to the 
protein. The pH of the protein solution, in the presence of Chelex 
100, gradually increased, therefore, 0.1 M HCl was added at intervals 
during a 5 minute Incubation period to maintain the pH between 4.5 
and 5.5. I t  was necessary to maintain the pH below 6.0 to avoid any 
alkaline dénaturation of the protein. The mixture was then filtered  
through a 0.45y millipore f i l t e r  and the f iltra te  was dialyzed against 
HgO, pH 5.0.
GPepsin inactivated by diazoacetyl-DL-norleucine methyl ester 
w ill be abbreviated norleu-pepsin.
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In other experiments, the pepsin and reagents were passed 
through a Chelex 100 column equilibrated with 0.05 M potassium 
acetate, pH 5.0, to remove the Cu++ before desalting on Sephadex G-25.
Atomic absorption analysis for Cu++ in the final product 
showed less than one Cu++ per 50 protein molecules. Amino acid 
analysis gave 1 . 2  norleucines incorporated per pepsin molecule, and 
proteolytic activity measured with hemoglobin as substrate was 
essentially zero.
Inactivation of Pepsin by Diazoacetyl-DL- 
Norleucine '^^C-Methyl Ester 
Pepsin was reacted with diazoacetyl-DL-norleucine ‘^*C-methyl 
ester by the procedure of Rajagapolan, Stein and Moore (75).
The protein solution was dialyzed with 0.05 M potassium 
acetate, pH 5.0, by diafiltration on PM 10 u ltra filtra tio n  membrane un­
t i l  the radioactivity of the dialysate was constant for successive 
measurements and close to background. The extent of incorporation of 
^^*0 into the protein was determined from the specific radio activity 
of the inactivator and from the concentration of the inactivated 
pepsin.
Test for the Reversibility of 
Pepsin Titrations 
To test i f  pepsin could be reversibly titrated , the activity  
of pepsin was measured with hemoglobin as a substrate before and after 
titration with HCl or KOH. One sample, after titration with HCl, was 
dialyzed against H2 O. A small amount of KOH was added to the dialysate
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to raise the pH to 5.0. After dialysis, the activity was measured 
and the solution was retitrated with HCl.
Amino-Terminal Analysis after Titration  
Quantitative analysis of the f irs t  two ami no-terminal 
residues of pepsin and norleu-pepsin? after titra tion  was carried 
out using automated Edman degradation and gas-liquid chromatography 
according to the procedure described in Chapter I I .
Preparation of Proteins 
for pH Titrations 
Homogeneous pepsin collected from SP-Sephadex C-25 column 
chromatography was desalted on Sephadex G-25 (equilibrated with HgO, 
pH 5.0), and the pooled protein peak was dialyzed against H2 O (pH 5.0). 
Desalted pepsin and desalted pepsin inhibited with diazoacetyl-DL- 
norleucine methyl ester (norleu-pepsin) were concentrated to approxi­
mately 5 mg/ml using a u ltra filtra tio n  membrane PM 10 or UM 10. The 
concentrate was then dialyzed further against H2 O (pH 5.0) and 
fina lly  against KCl (pH 5.0).
After dialysis, the two protein solutions were adjusted to 
the same concentration by matching the optical densities at 280 nm on 
a Zeiss spectrophotometer utilizing 1 / 2  cm cuvettes. Determination
: V
of the relative protein concentrations using the method of Lowry, 
et ^  (133) confirmed the re lia b ility  of the optical density 
measurements.
^Abbreviation: norleu-pepsin, pepsin inactivated with 
diazoacetyl-DL-norleucine methyl ester.
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pH Titrations
A protein sample, 1.5 or 2 ml, was pipetted into a titra tion  
vessel (Radiometer, Type V521). The titra tio n  vessel was fitted  on a 
titra tion  assembly (Type TTA31) equipped with a thermostatted 
jacket (Type V526), a nitrogen gas in le t, a polyethylene titran t  
delivery tube, and a combined electrode (Type GK 2320 C). Nitrogen 
gas was bubbled through H^ O in a thermostatted vessel (Type V520) 
before delivery into the titra tion  vessel. The titration  assembly 
was equipped with a magnetic s tirrer to ensure rapid mixing of the 
titra n t with the protein solution. The temperature was maintained by 
a Hetotherm water circulator (Model 01 T 523) coupled with a Cold 
Finger portable immersion cooler.
The pH of the protein solutions was adjusted with 2 M 
carbonate-free KOH to slightly higher than the starting pH of the 
t itra tio n , and then the pH was lowered to the starting pH with HCl 
titra n t. The solutions were allowed to equilibrate for 15 minutes; 
then titra n t was added to the solutions by means of an autoburette 
(Type ABU 11b) equipped with a 0.25 ml burette assembly (Type B260). 
The volume of titran t could be measured to 0.1 y l. After a volume 
of titra n t was added, the solutions were allowed to equilibrate 
before the addition of more titra n t. The volume of titran t added 
to the solutions was measured as a function of pH. The pH was 
measured on the expanded scale of a Radiometer pH meter (Type PHM 26c) 
standardized with pH 7.0 and pH 2.0 buffers.
The volume of titra n t added was measured at each 0.100 pH 
unit. The volume of titran t added was corrected for the titra tion  of
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the solvent by subtraction of solvent titra tion  data from protein 
titration data. The corrected volume of titran t added to the protein 
solution was converted to moles H"*" added per mole pepsin.
Difference Titration Curves
A difference titra tion  curve was determined by subtracting 
for each 0.100 pH unit the titra tion  curves for the norleu-pepsin 
from the titration  curves for the native pepsin.
Theoretical Difference Titration Curves
The average number of H'*' associated with each protein molecule 
can be theoretically calculated by
1 . V = n-r
where v is the average number of H"*" associated with each protein mole­
cule, n is the total number of binding sites, and r is the average 
number of H"*" dissociated from each protein molecule.
The average number of H'*’ dissociated from each protein mole­
cule is defined as
2. r .  { H V
i P h
where {H*}^ is the concentration of dissociated H'*' and {Pl^ is the 
total concentration of protein, P.
The dissociation constants for the dissociation of H'*’ from 
the protein are defined as
K, ■
3. Kj -  <H^>
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K = {H+} {P}
" {PH}
where n is the total number of H'*’ binding sites.
The concentration of H'*' dissociated is described as follows
4. {H+}j = + 2{PHn_z} + . . .  + n{P}
The total concentration of protein is given by
5. {P}^ = {PH„} + {PH^.il + + ••• + {P}
From rearrangement of equation 3,
6 . {PH i>  =
{H+}
{PH. , )  = KzlPHn-,}
" '  I F ) -
{P} = KnfPH}
~ W )
where K^ , Kg, . . .  , are the dissociation constants for the polyvalent 
protein.
From equations 2, 4, 5 and 6 , one can obtain a general 
expression for f .
7 . f  = Ki/{H+} + 2 KiK2 /{H+}^ + . . .  + n K^ K, . . .  Kp/{H+}'^
1 + K i /{H + }  + KiK2/ {H + }z  + . . .  + K^Kg . . .  K„/{H+}"
After multiplying both the numerator and denominator of 
equation 7 by {H*}", equation 7 can be transformed into
8 . r = ^ 1  + Gg + . . .  + Gn
+ {H+} G + {H+} G^  + {H+}
where G^ , G ,^ . . . ,  G^  are titration  constants related to Kj, K^ , . . . ,  
by the following equations (134).
= Gi + G2 + . . .  + G^
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Ki%2 = GiG, + G^G, + . . .  + G^ Gn + ...
9. K^ KgKg = G1G2 G3 + G1G2 G4 + . . .  G„_^ G^ _2 G^
—  K1K2 . . .  K, = —  G1G2 . . .  G^
Equations 8  and 9 were derived by equating the denominator of 
equation 7 (after multiplication by with the expansion of the
polynomial
10. (Gi + {H+}) (G2 + {H+}) . . .  (G^  + {H+})
The above transformation has been described by von Murait (134).
Equation 8  can also be derived by describing the polyvalent
protein as a mixture of monovalent acids in equal quantities. The
dissociation constants are defined as
Gi = {H+} {All 
{Ai HI
G = {H*} {An}
" { j g f }
where Gi, G2  G„ are the dissociation constants for the monovalent
acids Ai, Ag, . . .» and respectively. AH is the protonated form and A
is the deprotonated form.
The concentration of H"*" dissociated Is given by
1 2 . {H+lj " (A i) + {A;} + . . .  + {A }^
Also, as described above,
{P}; = {All + {AiH} = {Az) + {AzH}
= . . .  (A } + {A„H} n n
Therefore, from equations 2, 12 and 13,
f  -  {All + {Ag} + . . .  + {AJ 
{All + {AiH}
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14. = {Al} + {Ag} + . . .  + {Ap}
{Al} + {A^H} {A2 > + {AgH} {A^} + {ApH}
Rearrangement of equation 11 gives
{A,} = GjlAiH}
{A?} = G2 {A2 H>
' ~ W Y ~
{A_} = Gn{AnH>
"  W l
Substitution of equations 15 in equation 14, and multiplication of 
both numerator and denominator by H"*" gives
16. r = Gi + Gg + . . .  + G^
Gi + {H+} 02 + {H+} + {H+>
which is identical to equation 8 .
The relationships between K ,^ K ,^ . . . ,  and G ,^ 6 ^..........
G^  from equation 9 have been derived for a trivalent acid calculated as 
i f  there were three monovalent acids present in equivalent quantities 
by Simms (135). A discussion of the relationship between dissociation 
constants and titration  constants for polyvalent acids can also be 
found in Edsall and Wyman (136).
The average number of associated with each protein molecule 
by equation 1 can be calculated by substituting equation 16 in equation 
1 , giving
17. V = n - /  ^ 1  + ^ 2  + . . .  + n^ ^
l^Gi + {H+} 02 + {H+} G^  + {H+} I
I f  one titratable group is modified in such a way that i t  
can no longer be titrated , and i f  a ll other groups remain unaltered and 
their titra tion  constants do not change, then the average difference 
between the association of H'*' with the unmodified protein and the
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association of H+ with the modified protein could be expressed as
18. Av = (n - nj) - /  G \
" °  [ q + {H+} I
where n^  is the total number of binding sites in the native protein, n^  
is the total number of binding sites in the modified protein, and G is 
the titration  constant in the native protein of the group modified in 
the derivative. In this case, (n  ^ - n )^ would equal 1 and G would 
equal the dissociation constant, K.
I f  the modification only shifts the titra tion  constant of 
one group, then
19.
where G' is the titra tion  constant of the shifted group in the 
derivative. In this case, (n  ^ - n^) would equal zero, and G would 
equal K In the native protein and G' would equal K* (the dissociation 
constant of the shifted group In the derivative).
I f  a modification of the protein removes one group and shifts 
the dissociation constant of another, then a combination of equations 
18 and 19 gives
20. Av » (n. - nj) - /  Gi + G, - G' \
"  ^ + {H+} + {H+} G' + {ri+} I
where G^ and G^  are the titra tio n  constants of the groups In the native
protein. A modification of this type has been suggested In the
estérification of Asp-52 with a sh ift In the dissociation constant of
Glu-35 In lysozyme (116-119).
The average difference between the association of H+ with 
native pepsin and the association of H+ with pepsin Inhibited by
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diazoacetyl-DL-norleucine methyl ester was fitted  to an equation of 
the form
A v  =  1 -  /  +  U ; ,  +  ^ 3  +  Ü1+ Gj Gj G3 Gl
\ G i  + {H+} Gg + {H+} G3 + {H+} Gl, + W }
G| + {H+} G' + {H+} G^3
0.2 -  0 .2  /  G5 + Gg -  g ;  \  
\Gs + {H+} Gg + {H+} Gi + {H+y
Where G ,^ Gg, . . .  G^  are titration  constants of native pepsin, and
GJ, Gg, G3 and G^  are shifted titra tion  constants in norleu-pepsin.
A theoretical difference titration  curve was fitted  to the
experimental difference titra tion  curve by guessing values for the
titration  constants until a close f i t  was achieved.
Calculation of Dissociation Constants 
Dissociation constants for the ionization of groups modified 
by diazoacetyl-DL-norleucine methyl ester were calculated from t it ra ­
tion constants which f i t  equation 2 1  to the experimental difference 
titration  data. The relationship between the titration constants and 
the dissociation constants has been given in equation 9. The 
dissociation constants are defined in equation 3.
The dissociation constants for the groups in native pepsin 
were calculated from G ,^ G ,^ G3 by equation 9. Since G{ << G% << G3 , 
then KÎ = G[, = G^  and K3 = Gj where K|, K ,^ and are the
shifted dissociation constants in norleu-pepsin. Both the titration  
constants ànd dissociation constants are not "intrinsic" constants, 
but may have been raised or lowered by electrostatic, hydrogen bond­
ing, or hydrophobic effects (117).
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Results
Incorporation of Inactivator 
into Pepsin
The incorporation of inactivator was stoichiometric with 
respect to both norleucine incorporation as analyzed by amino-acid 
analysis ( 1 . 2 /pepsin), and methyl ester incorporation as analyzed by 
radioactivity (0.95/pepsin).
Reversibility of Pepsin Titration 
The titration of the pepsin with HCl did not significantly 
affect the activity of the pepsin. Reverse titra tion  with KOH to pH 
5.9 resulted in 50% loss of activity possibly due to alkaline 
dénaturation in the immediate vicinity of the KOH delivery. Pepsin 
dialyzed against HgO after titration  with HCl did not lose any proteo­
ly tic  activity. Retitration of the dialyzed protein with HCl resulted 
in the consumption of more HCl than in the f ir s t  titra tio n . The 
difference in HCl consumption could result from autodigestion during 
titration  and/or dialysis. As described below, some autodigestion 
did occur during titra tio n , but not enough to invalidate the results.
Analysis of Amino-Terminal Residues 
after Titration 
Analysis of the f ir s t  two amino-terminal residues of pepsin 
after titration  showed approximately 2-5% phenylalanine as compared 
to glycine as the second amino-terminal residue. The 2-5% phenylala­
nine could result from autodigestion during titra tio n . The auto-
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digestion does not significantly effect the titration  data. Norleu- 
pepsin had only glycine as the second ami no-terminal residue.
Difference Titration Data 
Table 7 lists the conditions under which native pepsin and 
norleu-pepsin were titrated.
The average difference titra tion  between the moles of H+ 
added to native pepsin minus the moles of added to norleu-pepsin, 
in units of moles H+/mole pepsin, is shown in Figure 9. The theoretical 
volume of acid required to t itra te  one carboxyl group was calculated 
from the molarity of the enzyme solution obtained from its absorbancy 
at 280 nm (69) (molar extinction coefficient 44,000) and the 
normality of the titran t. Figure 9 shows a difference of greater than 
one carboxyl group between native and norleu-pepsin. The data suggest 
at least two carboxyl groups are not available for titration in norleu- 
pepsin compared to native pepsin in the pH range 5.9-2.4. The effects 
of temperature do not contribute significantly, within experimental 
error, to the difference titrations.
Theoretical Difference Titration Curves 
Figure 10 shows the f i t  of equation 2 1  to the experimental 
difference titration data. The titra tion  constants which gave a good 
f i t  are listed in Table 8 .
In equation 21, two sites of inactivator binding are des­
cribed; one is the active site and the other is a partially reactive 
site not necessarily involved in catalysis. Since 1.2 norleucines 
per pepsin are incorporated upon inactivation, apparently a second
TABLE 7
TITRATION CONDITIONS
Experiment
1
2
3
4
Protein
Concentration
mg/ml
Temperature KCl, M
3.5
3.4
4.9
4.9
23°C
0
23 C
14°C
0
14 C
0.40
0.40
0.50
0.50
Ti trant 
HCl, M
0.01
0.01
0.04
0.04
pH Range
5.9 - 3.2
5.9 - 3.2
5.4 - 2.4
5.4 - 2.4
a \
ro
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FIGURE 9: DIFFERENCE TITRATION. The average difference
titration  between moles of H+ added to native pepsin minus the moles 
of H+ added to norleu-pepsin in units of A moles H+ per mole pepsin;», 
difference titra tio n , 14 C; 0, difference titra tion , 23 C, ± range.
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FIGURE 10: FIT OF EQUATION 21 TO DIFFERENCE TITRATION.
Equation 21 was fitted  to the difference titration  data with titra tion  
constants listed in Table 8 . The dashed line is the f i t  of equation 
2 1  with G^ , G3 , Gg, and G^  equal to zero.
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TABLE 8
TITRATION CONSTANTS DETERMINED 
FOR THEORETICAL DIFFERENCE 
TITRATION CURVE
pG Range
pGi 4.97 4.8 - 5.3
pGz 3.34 3.2 - 3.6
Active pG.3 3.85 3.6 - 4.2
Site
pGij >6.5 ------
pG| 4.6 4.1 - 4.8
PG' <1.5
pG- >8 . 1
pGs 3.0 2.1 - 5.2
Second PG& 5.0 3.6 - 5.8
Si te
pg; <2.5
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carboxyl is 20% esterified. The total difference in the consumption 
of acid during titration  (approximately 2.4 equivalents) also suggests 
a second partially reactive carboxyl group.
I f  the secondary modification site does not involve a 
carboxyl group which shifts in norleu-pepsin in addition to the 
esterified group, then in equation 21, Gg and are 0. In this case 
the theoretical curve does not f i t  the titration data below pH 3 as 
shown in Figure 10. Titration constants G^^  and Gj were included in 
equation 21 to f i t  at the high pH range. The theoretical curve 
calculated with G^^  and G^  equal to 0 is also shown in Figure 10.
The error limits in the titration  constants used in the 
curve fittin g  were estimated by varying each titra tion  constant derived 
from the best f i t  of equation 2 1  until the curve exceeded the limits 
of the 14°C titration  data. The range of these constants is given in 
Table 8 .
Dissociation Constants
The dissociation constants for the ionization of groups at 
the active site of pepsin calculated (using equation 9) from the 
titration constants in Table 8  are listed in Table 9. The range was 
estimated by using the lower and upper limits of the titration  con­
stants in the calculations. As mentioned in the Methods section, the 
dissociation constants in the modified enzyme were equated to the 
titration constants. The secondary site was not included in these 
calculations.
Microconstants for the ionization of groups in pepsin were 
not calculated because the calculation required ab in itio  knowledge of
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TABLE 9
DISSOCIATION CONSTANTS* OF GROUPS AT 
THE ACTIVE SITE OF PEPSIN CALCULATED 
FROM TITRATION CONSTANTS
pK Range
pKi 3.22 3.05 - 3.43
PKz 3.94 3.72 - 4.26
PKs 5.01 4.84 - 5.34
pk; 4.6 4.1 -  4.8
PK' <1.5 - - - -
a. derived from equation 9, and from pKJ = pGJ, pK^  = pGV
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three microconstants. I t  might be reasonable to assign the micro­
constant for the ionization of the acid of highest pK, when the otiier 
acids are ionized, to be equal to K3 . The ionization of the shifted 
carboxyl in the derivative (Kj) could be assigned to one of the micro- 
ionizations of the acid of Intermediate pK in the presence of a proto- 
nated species for the acid of highest pK. These two relations are not 
sufficient to determine the other microconstants.
Discussion
In the titration  of pepsin and pepsin inactivated with diazo- 
acetyl-DL-norleuc1ne methyl ester, two carbonyl groups are not t itra -  
table and one carboxyl group has a pK shift in the inactivated pepsin 
In the pH range 2.4 to 6.0. One carboj^l group not titratable Is 
esterified by the Inactivator. The origin of the other group not 
titratable is not certain; however, four possible explanations have 
been considered. First, autodigestion during titra tion  might expose 
new carboxyl groups; however, analysis of the f ir s t  two ami no-terminal 
residues of pepsin and norleu-pepsin after titra tio n  suggests no 
significant autodigestion. Second, the additional carboxyl group 
could be attributed to Cu++ binding to carboxyl groups In norleu-pepsin, 
but atomic absorption analysis for Cu++ revealed an Insignificant amount 
of bound Cu++. Third, another carboxyl group could be covalently 
bound to the inactivator. A covalent bond formed at the methyl ester 
bond of the inactivator would result in the loss of the methyl group, 
however, the incorporation of *^*0 Into pepsin upon Inactivation rules 
out this possibility. I t  Is possible that in the framework of the
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three-dimensional structure of the pepsin active center, the acetyl 
a-carbon might form a diester with the second carboxyl group of the 
enzyme as well as with Asp-215. This diester would normally be very 
unstable, however, unless stabilized in some way by the tertiary struc­
ture of the protein. Attack by a second carboxyl group at other 
sites on the inactivator would probably result in the loss of the 
norleucine moiety. This loss is inconsistent with the amino acid 
analysis. Finally, the pK of the second group may be shifted out of 
the titration  range due to strong hydrogen bonding which would lower 
the pK, or due to burying of the carboxyl group which would make i t  
inaccessable to solvent and raise its pK. The best curve f i t  includes 
a shift to a lower pK for this carboxyl group.
A slightly better f i t  of a theoretical titra tion  curve to 
the data is achieved when a fourth group with pK ^ 6.5 in pepsin and a 
pK ^ 8 . 1  in norleu-pepsin is added to the difference titration  equation 
(equation 21). The extra constants do not significantly alter the 
other constants in the equation. The pK of the fourth group is 
suggestive of either an imidazole group of a histidine side chain or 
an 0 -NH3+ group (137,138). The ami no-terminus of pepsin could be in 
close proximity to the active site i f  intramolecular activation of 
pepsinogen to pepsin is catalyzed by the pepsin active site (23). Upon 
binding of substrate or inactivator to pepsin, the environment and/or 
the conformation of the ami no-terminus could change and cause the pK 
to shift. The amino-terminus does not participate directly in 
catalysis (3,139) but certainly might be near enough to affect the 
titration  in the active site.
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The pKg, and pK^  are consistent with the mechanism proposed 
by Lundblad and Stein (80) for the participation of carboxyl groups in 
the inactivation of pepsin by diazoacetyl-DL-norleucine methyl ester.
The pKg can be identified with the ionization of the carboxyl that 
binds the copper carbene intermediate. They proposed that this carboxyl 
group has a pK near 4 as supported by synthetic substrate hydrolysis 
(43,46,51). The pKg can be identified with the ionization of the 
protonated carboxyl which forms the ester bond in the proposed in­
activation mechanism. This carboxyl group does not necessarily partic i­
pate directly in catalysis.
From the titration  data, at least one carboxyl group has a 
shift in its  pK. I f  pKg is identified with the esterified Asp-215 in 
norleu-pepsin, and i f  one assumes the smallest available sh ift, then 
pK| would be the shifted pK in norleu-pepsin of the carboxyl group 
identified with pKg in pepsin. The pK sh ift would be from 3.94 in 
pepsin to 4.6 in norleu-pepsin suggesting either a change in hydrogen 
bonding or a change to a somewhat more hydrophobic environment of this 
carboxyl group in norleu-pepsin. The pK^  may be related to the 
ionization of a carboxyl group implicated in the reaction of pepsin 
with EPNP (70). The pK of this carboxyl has been determined to be 2.85 
± 0.5 (70) compared to pK^  ■ 3.22 from difference titra tion  data. I f  
this carboxyl group is shifted in norleu-pepsin to the pK^  of £  1.5, 
then the titra tio n  data would be consistent with the pK‘s of functional 
groups calculated from the kinetics of synthetic substrate hydrolysis 
(Table 3, Chapter I ) .  These kinetic studies conclude that at least two 
carboxyl groups are required for catalysis, one with a pK around 1 and
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the other with a pK between 3 and 4 (43,46,51). Hollands and Fruton 
(55) have shown that the pH optimum of substrate hydrolysis can vary 
widely depending on the structure and charge of the substrate. The pH 
optimum for Z-His-Phe-Phe-OMe is about 4 (55). This pH optimum would 
suggest involvement in catalysis of a carboxyl group with a pK higher 
than 4. This could be identified with Kg from the titra tion  data. A 
carboxyl group implicated in the binding and hydrolysis of cationic 
substrates has an estimated pK of 3.8 (55). This pK is similar to pK% 
3.94 deduced from difference titra tion  data. Studies with N-methyl-2- 
anilinonaphthalene-6 - sulfonyl (mansyl) peptides as fluorescent probes 
for pepsin-substrate interaction have suggested the active site of 
pepsin has considerable conformational f le x ib ility  (6 6 ). The inactiva­
tion of pepsin by tosyl-L-phenylalanyldiazomethane also lowers the 
polarity of the mansylamide-binding site (6 6 ). The sh ift in pK's, 
as seen in the difference titra tion  studies, could be due to a change 
in the environment of carboxyls in the active site of pepsin by 
inactivation with diazoacetyl-DL-norleucine methyl ester and is con­
sistent with the above pepsin-substrate interaction studies (6 6 ).
The ionization of a carboxyl group in the active site of 
pepsin identified with Kg or Kg from titration  data is consistent with 
the proposed mechanisms of pepsin action deduced from synthetic sub­
strate hydrolysis (68,110,111) as shown in Figures 1 and 2 of Chapter
I .  A pK of 4.6 for a catalytic group in the presence of substrate has 
been proposed by Clement, et ^  (6 8 ) which is similar to pK{ from 
titra tion  data. Cornish-Bowden and Knowles (57) have also proposed a 
pK of 4.75 for a catalytic group in the presence of substrate.
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A mechanism of pepsin action proposed by Hartsuck and Tang 
(70) is consistent with the pK's from titra tio n  data. In their 
mechanism, as shown in Figure 4 of Chapter I ,  the ionized carboxyl, 
presumably identified with a pK of about 3 is a nucleophile which 
attacks a polarized carbonyl bond. Proton donation from another 
carboxyl, presumably Asp-215, completes the scheme. Recently, however, 
Hunkapiller and Richards (65) proposed a mechanism where the carbonyl 
bond was polarized by a protonated carboxyl group rather than an 
arginine as proposed by Hartsuck and Tang (70). In this mechanism, 
three carboxyl groups are involved in catalysis. This mechanism is 
supported by the titration  data.
Figure 11 shows a proposed mechanism of pepsin action. This 
proposal is essentially that of Hartsuck and Tang (70) with a carboxyl 
group Instead of an arginine polarizing the peptide bond as proposed by 
Hunkapiller and Richards (65). The nucleophile is the ionized Asp-32 
as proposed by Hartsuck and Tang (70). The presence of an arginine 
near this group could explain its  abnormally low pK. The assignment 
of Asp-215 to the polarizing carboxyl was made on the assumptions that 
the carboxyl group with a pK of 3.94 in the native enzyme and 4.6 in 
the inactivated enzyme is involved in proton donation. This assumption 
is supported by synthetic substrate hydrolysis (57.68.110,111).
In conclusion, three carboxyl groups and possibly one a-amino 
group are implicated in the difference titra tion  of pepsin compared to 
pepsin inhibited with diazoacetyl-DL-norleucine methyl ester. One 
carboxyl, presumably Asp-215 esterified by diazoacetyl-DL-norleucine 
methyl ester can be tentatively assigned a pK of 5. Another carboxyl*
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FIGURE 11; PROPOSED MECHANISM OF PEPSIN ACTION. This 
mechanism is essentially that of Hartsuck and Tang (70) with a 
carboxyl group polarizing the peptide bond as proposed by Hunkapiller 
and Richards (65) instead of an arginine. Asp-215 has been assigned 
to the polarizing carboxyl and a different carboxyl is involved in 
proton donation at the peptide bond. The pK of the ionized carboxyl 
is lowered by the presence of an êrgininé.
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possibly Asp-32, with a pK of about 3.2 in native pepsin, changes 
upon inactivation. It 's  pK is probably shifted to below 1.5. A 
shift in pK occurs in a third carboxyl with a pK of 4.0 in pepsin and 
a pK of 4.6 in the modified pepsin. The pK's derived from difference 
titration  data are consistent with pK's estimated from substrate hydro­
lysis (see Table 3, Chapter I )  and from inactivation studies with sub­
strate-like inactivators (70,80).
CHAPTER IV 
SUMMARY
Exposure of pepsinogen to acid for less than 2 minutes yields 
a product with proteolytic activity. This activity is due to intra­
molecular and intermolecular formation of pepsin from pepsinogen. No 
evidence is found for intermolecular proteolytic activity in the 
zymogen. These conclusions are based upon two sets of experiments. 
First, chemical cleavage of pepsinogen during short activation is 
demonstrated by quantitative analysis of the NHg-terminal two residues 
of the pepsin and pepsinogen in an activation mixture. In addition, 
quantitative NH2 -terminal analyses after activation under different 
conditions confirm a previous inference that the product of unimolecular 
pepsinogen activation is homogeneous whereas biomolecular activation 
produces a pepsin product with a variety of NHz-termini. Second, 
spectral changes which occur upon acidification of pepsinogen solutions 
are shown to be consistent with the chemical cleavage of pepsinogen 
during acidification. The f irs t  order rate constant for pepsinogen 
activation, calculated from these spectral experiments, agrees well 
with the value previously determined.
Three carboxyl groups are implicated in the active site of 
pepsin by difference titration of pepsin compared to pepsin inactivated
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with diazoacetyl-DL-norleucine methyl ester. One carboxyl, presumably 
Asp-215 in the pepsin sequence, can be tentatively assigned a pK of 5. 
Another carboxyl modified by inactivation, possibly Asp-32, can be 
assigned a pK of about 3.2 in native pepsin with a shift in pK to 
£ 1 .5  upon inactivation. A shift in pK also occurs in a third 
carboxyl with a pK of 4.0 in pepsin and a pK of 4.6 in the modified 
pepsin. The dissociation constants derived from difference titration  
data are consistent with estimated pK's of functional groups in the 
active site of pepsin from substrate hydrolysis and from inactivation 
by substrate-like inactivators. The difference titration data supports 
a mechanism of pepsin action involving three carboxyl groups in the 
active site.
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APPENDIX
PREPARATION OF 6LYCYL-DL-N0RLEUCINE 
METHYL ESTER
Glycyl-DL-norleuc1ne methyl ester was prepared by mixing 
glycyl-DL-norleuc1ne with methanol (99.9% pure) In a molar ratio of 
1:8. The mixture was cooled In a Ice-salt bath (-4°C) after which a 
slight excess of thionyl chloride to methanol (molar ratio 1.1:1) 
was added to the mixture. The solution was allowed to warm to 40°C 
and was maintained at 40°C In a thermostatted vessel for 2 hours.
The excess th1or\yl chloride and methanol were removed by d is tilla tio n , 
and the residue (thick solution) was "dried" at 100°C under vacuum.
The "dried" residue, (which had a thick, sticky, consistency) was 
dissolved 1n a small amount of methanol. Ether was added until the 
solution turned slightly turbid. This required a fa irly  large volume 
of ether compared to methanol. Crystals of glycyl-DL-norleuclne 
methyl ester began forming In one hour. Yield was 70-80%, M. P. 118- 
120*0.
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